INTRODUCTION
============

Uncontrolled inflammation is a key health challenge and is associated with numerous diseases ([@R1]--[@R3]). Recently, coronavirus disease 2019 (COVID-19) infections have been recognized as leading to a hyperinflammatory state characterized by a fulminant cytokine storm (hypercytokinemia) before acute respiratory distress syndrome and death ([@R4]). A growing understanding of the pathophysiology accompanying acute inflammation can help devise novel therapeutics for inflammatory diseases ([@R5]). Of particular relevance is that severe inflammation is associated with significant alterations to redox balance ([@R6]), inducing oxidative stress to tissues and cells. Evidence accumulated over the past two decades has pointed to significant connections between inflammation and oxidative stress, both processes contributing to fuel one another, thereby establishing a vicious cycle able to perpetuate and propagate the inflammatory response ([@R7], [@R8]).

Inhibiting pathological inflammatory responses and the cross-talk between oxidative stress and inflammation presents various challenges ([@R9]). For instance, while potent anti-inflammatory agents---such as corticosteroids---already exist, these have fallen short in acute inflammatory conditions such as sepsis, because of their negative effects on tissue repair and the reported adrenocortical insufficiency common in patients with sepsis ([@R10]). Adenosine (Ad), an endogenous purine, and Ad receptor agonists have shown promise by promoting the resolution of inflammation ([@R11], [@R12]), but their systemic administration is associated with rapid clearance ([@R13]) and unacceptable medical side effects related to untargeted activation of their cognate receptors ([@R14], [@R15]). Another challenge consists in the fact that, during the evolution of systemic inflammatory insults, the initial response performed by the innate immune system is transferred from the plasma to tissues and cells where it results in disturbed signaling, cell dysfunction, and eventually organ failure. Therefore, efficient therapies against such processes need to be targeted to the inflammation sites. Similarly, antioxidant supplementation has been attempted ([@R16]--[@R18]) to scavenge reactive species during acute inflammation but remains limited by poor pharmacodynamics and tissue penetration ([@R19]). Recently, multidrug treatments of low-dose hydrocortisone with antioxidants have emerged as a promising approach for the mitigation of uncontrolled inflammation ([@R20]), simultaneously inhibiting pro-inflammatory cascades and scavenging reactive oxygen species (ROS). However, so far, most of the antioxidants used in this context perform their action predominantly in the plasma. While this is useful during the initial hyperinflammatory stages of the body response, it is ineffective at inhibiting the pathological redox cycles happening inside cells and tissues ([@R19])---as plasma antioxidant levels poorly correlate with intracellular antioxidant levels ([@R21]).

To improve on these issues, and taking into account the potential of Ad and multidrug therapies for the resolution of inflammation, we propose here a novel prodrug-based nanoparticle (NP) formulation, enabling the targeted delivery of Ad and tocopherol (VitE) to the sites of acute inflammation. Recently, conjugation of therapeutic molecules to squalene (SQ), an endogenous lipid, has been shown to enhance blood circulation time ([@R22]), provide interesting targeting properties ([@R23]) and lower toxicity ([@R24]). Here, we show that the bioconjugation of Ad to SQ and further nanoformulation with VitE led to the formation of stable multidrug NPs allowing (i) efficient encapsulation of both drugs, (ii) reduced side effects, and (iii) promising anti-inflammatory and protective effects in models of endotoxemia and lethal systemic shock. Furthermore, we also report evidence that these SQ-based NPs could target inflamed tissues in multiple murine models of inflammation for selective Ad receptor activation and antioxidant action. These functionalities together enabled a therapeutic intervention with significant potential for the antioxidant management of acute inflammatory diseases and improved the use of Ad as a proresolving pharmaceutical agent.

RESULTS AND DISCUSSION
======================

Preparation and characterization SQAd/VitE NPs
----------------------------------------------

The preparation of squalene-Ad (SQAd)/VitE NPs first required conjugation of Ad to squalenic acid as previously described ([@R25]). This conjugation step was performed with moderate yield (45%) and afforded SQAd, which could then be used as a prodrug-based nanocarrier for VitE ([Fig. 1A](#F1){ref-type="fig"}). The second step in the preparation of multidrug SQ-based NPs consisted in encapsulating VitE in SQAd NPs, which was performed by a nanoprecipitation technique. Following nanoprecipitation and solvent removal, the VitE content of the NPs was evaluated. For SQAd/VitE nanoformulations containing 50 weight % (wt %) VitE or less, most of the VitE present in the precursor organic solution was found to be incorporated in the NPs ([Fig. 1B](#F1){ref-type="fig"}). For the rest of this study, we used the SQAd/VitE NP formulation, which afforded the highest total drug loading with proper colloidal stability, i.e., SQAd/VitE (50:50) wt %. The total drug loading of the multidrug NPs was therefore 68.6 wt %: 50 wt % VitE and 18.6 wt % Ad. When measured by dynamic light scattering (DLS), the multidrug SQAd/VitE NPs displayed a uniform size distribution with a mean hydrodynamic diameter of 71.2 ± 3 nm and a polydispersity index inferior to 0.2 ([Fig. 1C](#F1){ref-type="fig"}). Surface zeta potential was measured to be −14.29 ± 1.01 (SEM) mV, similar to SQAd NP only (−15.45 ± 1.52 mV), ensuring proper colloidal stability ([Fig. 1D](#F1){ref-type="fig"}). The obtained multidrug NPs were also observed by cryogenic transmission electron microscopy (cryo-TEM) imaging, revealing uniform NPs ([Fig. 1E](#F1){ref-type="fig"}). Following their formulation, SQAd/VitE NPs were suspended in 50% serum and showed satisfactory colloidal stability over 5 days ([Fig. 1F](#F1){ref-type="fig"}). To evaluate drug release, we measured the amount of free Ad and VitE released from the formulation over time by high-performance liquid chromatography (HPLC). The incubation of SQAd/VitE NPs in serum resulted in a slow, progressive decrease in detected SQAd bioconjugate, which correlated with a release of free Ad ([Fig 1G](#F1){ref-type="fig"}). After 48 hours of incubation, about 6% of the initial Ad was found to have been released from SQAd/VitE NPs, while no VitE release could be detected (see Supplementary Discussion).

![Formulation and characterization of multidrug SQAd/VitE NPs.\
(**A**) Schematic representation of SQAd bioconjugation and VitE encapsulation to afford SQAd/VitE NPs. (**B**) VitE encapsulation efficiency in SQAd/VitE NPs as measured by high-performance liquid chromatography (HPLC). wt %, weight %. (**C**) Hydrodynamic size of SQAd/VitE NPs (diameter, nanometers) measured by DLS. Pdi, polydispersity index. (**D**) Measurement of surface ζ-potential of SQAd/VitE and SQAd NPs. (**E**) cryo-TEM images of SQAd/VitE NPs (scale bar, 200 nm). (**F**) Stability of SQAd/VitE NPs in 50% fetal bovine serum (FBS) over 5 days as measured by DLS. (**G**) Release of Ad from SQAd/VitE NPs in 50% FBS.](aaz5466-F1){#F1}

SQ is an endogenous precursor of cholesterol, which forms stable colloidal phases in water ([@R26]). VitE is insoluble in water and usually colocalizes with cholesterol in low-density lipoproteins (LDLs) in vivo ([@R27]). Accordingly, our results showed that VitE was efficiently encapsulated in SQAd NPs to form stable multidrug NPs. Overall, the preparation of SQAd/VitE NPs is very straightforward because it simply requires an ethanolic solution of SQAd and VitE to be added in water medium before ethanol evaporation. The total synthesis also did not require any excipients, which makes the scaling-up affordable as shown previously with the ability of SQAd bioconjugates to be produced as an industrial sample ([@R24]). Noteworthy, this may represent an asset over the current trend of developing ever more sophisticated nanomedicines, whose physicochemical complexity represents an important factor to slow the speed and even the feasibility of nanomedicine translation into the clinic.

NP tracking studies
-------------------

To investigate whether SQ NPs could improve the bioavailability of the encapsulated therapeutic agents and direct them to the inflammation foci, we evaluated the in vivo biodistribution of SQAd/VitE NPs in two different models, one of local acute inflammation and one of systemic inflammation. First, the in vivo circulation of SQAd/VitE NPs was followed after intravenous injection of fluorescent DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt)--labeled SQAd/VitE NPs in a murine lipopolysaccharide (LPS)--induced paw inflammation model. Animals received 100 ng of LPS in their right paw and a control saline injection in the left paw. The fluorescence in tissues was monitored noninvasively up to 24 hours, from the abdomen side using an In Vivo Imaging System (IVIS) Lumina. The real-time in vivo imaging showed that, in comparison with the control healthy left paw, a strong increase in the radiant efficiency of the inflamed right paw could be detected after intravenous injection of fluorescent SQAd/VitE NPs ([Fig. 2, A to E](#F2){ref-type="fig"}). In a control experiment, when the mice received a free DiD solution, no significant accumulation of fluorescence was observed in the inflamed paw ([Fig. 2B](#F2){ref-type="fig"}) (see Supplementary Discussion). The relative fluorescence signals detected in the right (inflamed) paw versus left (noninflamed) paw of the studied animals can be found in fig. S4. In another control experiment, comparing the observed accumulation of SQ NPs with that of PLGA \[poly(lactic-*co*-glycolic) acid\] NPs, it was observed that the accumulation of SQAd/VitE NPs occurred faster, providing higher accumulation into the inflamed paw in comparison to PLGA NPs (fig. S3). A detailed discussion about this observation is provided in Supplementary Discussion.

![IVIS Lumina scan of mice after intravenous administration of fluorescent SQAd/VitE NPs or control fluorescent dye solution (ventral view).\
(**A**) Tracking of fluorescent SQAd/VitE NPs in mice with inflamed right hind paw and noninflamed left hind paw. (**B**) Tracking of the free dye in mice with inflamed right hind paw. (**C**) Zoomed-in view of group A at 4 hours. (**D**) Zoomed-in view of group B at 4 hours. (**E**) Analysis of the measured total radiant efficiency in the region of interest. *n* = 3 mice per group. Data are mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 \[two-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test\].](aaz5466-F2){#F2}

In a second study, we evaluated the ability of SQAd/VitE NPs to accumulate in organs in a model of LPS-induced sepsis. Loss of endothelial integrity is one of the hallmarks of sepsis, and LPS injection has been shown to induce capillary leakage in a β1-integrin--dependent mechanism ([@R28]). Here, rhodamine B covalently linked to SQ (SQRho; figs. S1 and S2) was used as a fluorescent marker for SQAd/VitE NPs. Animals received LPS intraperitoneally and, after 2 hours, an intravenous injection of fluorescent SQAd/VitE NPs. After 24 hours, the mice were deeply anesthetized and intracardially perfused with 40 ml of phosphate-buffered saline (PBS) to remove blood. The fluorescence signal in the different organs was measured using an IVIS Lumina. Mice that did not receive an LPS challenge were used as noninflamed controls. The fluorescent imaging showed that, in comparison with healthy mice, LPS-inflamed animals had a significant increase in the levels of total radiant efficiency in the lungs, liver, and kidneys ([Fig. 3](#F3){ref-type="fig"}). In a control experiment, when LPS-treated mice were intravenously injected with a free rhodamine probe solution, no significant accumulation occurred in the studied organs except the kidney, most probably because of the renal clearance of rhodamine.

![Ex vivo IVIS Lumina scan of mice organs after intravenous administration of fluorescent SQAd/VitE NPs in a septic shock model.\
Organs displayed from left to right: liver, heart, lungs, kidneys, and spleen. (**A**) Tracking of fluorescent SQAd/VitE NPs labeled in mice that received a LPS challenge. (**B**) Tracking of fluorescent SQAd/VitE NPs in noninflamed mice (did not receive LPS challenge). (**C**) Tracking of free dye in mice that received a LPS challenge. (**D**) Analysis of the measured total radiant efficiency in the different organs. *n* = 3 mice per group. Data are mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\*\**P* \< 0.0001 (two-way ANOVA followed by Tukey's multiple comparison test).](aaz5466-F3){#F3}

During inflammation, neutrophils interact with the vascular endothelium leading to barrier dysfunction and increased permeability. This constitutes a unique opportunity for nanomedicines to accumulate at the sites of organ injury and selectively deliver therapeutic agents through enhanced permeation and retention effects ([@R29]). In the present in vivo studies, SQAd/VitE NPs were found to accumulate at the sites of acute inflammation and endothelial dysfunction in models of both local and systemic inflammation. When injected in vivo, free Ad is readily catabolized into inosine and hypoxanthine, resulting in an extremely short blood half-life of 10 s ([@R13]). This requires Ad to be administered continuously and in high doses to achieve a pharmacological response, resulting in side effects related to the unchecked activation of the ubiquitous Ad receptors. The targeted accumulation achieved by SQAd/VitE NPs could therefore potentially limit the side effects induced by Ad treatment and enhance the bioavailability of both drugs at the sites of inflammation for improved therapeutic action.

In vitro evaluation
-------------------

To investigate whether SQAd/VitE NPs could effectively enact protection against oxidative stress, we first developed an in vitro model of oxidative insult. In inflamed tissue, immune cells produce ROS such as hydrogen peroxide (H~2~O~2~) that can cross the cellular membrane and produce intracellular oxidative stress ([@R30]) to tissue cells. When H9c2 murine cardiac cells were incubated with H~2~O~2~ for 30 min, a strong increase in intracellular ROS was detected by flow cytometry using a ROS-sensitive fluorescent probe. Treatment with SQAd/VitE NPs was efficient at limiting intracellular ROS production in a dose-dependent manner ([Fig. 4, A and B](#F4){ref-type="fig"}). While SQAd NP and SQ NP controls did not provide this protection, free drug Ad/VitE in the medium did induce some protection against the oxidative insult, most probably because of the antioxidant action of VitE. This effect was less pronounced than with SQAd/VitE NPs. The reduction in intracellular ROS correlated positively with improved cell survival to the oxidative insult as measured by propidium iodide straining. In SQAd/VitE NP--treated samples, only 20% of cells were found to be necrotic, while nontreated cell populations contained 80% of necrotic cells ([Fig. 4, C and D](#F4){ref-type="fig"}). SQAd/VitE NPs were found to be readily taken up by cells (fig. S5), likely through LDL receptor--mediated mechanisms as shown previously with SQAd-only NPs ([@R31]). Thus, after accumulating at the sites of inflammation, SQAd/VitE NPs are most likely able to enter cells, where they can deliver their therapeutic cargo intracellularly. As it has been suggested ([@R19], [@R32]), and as demonstrated here, the intracellular delivery of the antioxidant VitE improved its capacity to diminish oxidative stress. This cellular uptake also likely allows SQAd/VitE NPs to generate the active Ad in a localized manner after hydrolysis of SQAd ([@R33]). It was previously observed that after LDL receptor--dependent internalization, the SQAd NPs located in endo-lysosomal compartments where they acted as intracellular reservoirs for the encapsulated Ad. Once the hydrolysis of the amide bond released Ad, equilibrative nucleoside transporters (ENTs) discharged the drug Ad outside of the cell where it interacted with Ad receptors ([@R32]).

![In vitro antioxidant and anti-inflammatory properties of SQAd/VitE NPs.\
(**A**) Fluorescent detection of ROS in H9c2 cells showing that SQAd/VitE NPs efficiently scavenge intracellular ROS compared to free-drug or single-drug controls. (**B**) Dose dependence of the ROS protective effect of SQAd/VitE NPs on H9c2 cells. (**C**) Correlation of necrotic cell death with the amount of detected intracellular ROS. (**D**) Evaluation of necrotic cell death by propidium iodide staining. (**E**) Quantification of pro-inflammatory cytokine TNF-α production in LPS-stimulated RAW 264.7 cells treated with SQAd/VitE NPs or controls. co. SQAd/VitE NP treatment concurrently to LPS challenge. (**F**) Evaluation of nitrite content in cell medium following LPS stimulation of RAW 264.7 macrophages with or without SQAd/VitE NP treatment and controls. Data are the mean ± SD. *n* = 3 independent experiments. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001 (one-way ANOVA followed by Holm-Sidak's multiple comparison test).](aaz5466-F4){#F4}

We next evaluated the ability of SQAd/VitE NPs to efficiently inhibit pro-inflammatory signaling. For this, RAW 264.7 macrophages were used in an in vitro LPS-induced inflammation model. RAW macrophages respond to LPS stimulation by releasing pro-inflammatory cytokines ([@R34]). Accordingly, when RAW macrophages were stimulated with LPS (1 μg/ml), a significant increase in tumor necrosis factor--α (TNF-α) cytokine was measured in the supernatant. This pro-inflammatory response was inhibited by treatment with SQAd/VitE NPs at a concentration of 10 μg/ml for 2 hours. Here, SQAd and SQAd/VitE NPs had similar effects on the release of inflammatory cytokines, indicating that Ad could be the main effector of the observed anti-inflammatory effect ([Fig. 4E](#F4){ref-type="fig"}). When SQAd/VitE treatment was performed simultaneously to the LPS challenge, no significant inhibition of pro-inflammatory signaling was observed, contrary to free drug Ad/VitE. This substantiated the idea that SQAd is not active as an anti-inflammatory agent but needs to be activated in situ to perform anti-inflammatory activity ([@R33]).

LPS stimulation of macrophages also causes overproduction of nitric oxide by inducible nitric oxide synthase (iNOS) ([@R35]), which results in further pro-inflammatory signaling and oxidative stress by reactive nitrogen species (NOx) ([@R36]). Thus, RAW 264.7 macrophages were stimulated with LPS, and nitrite accumulation was monitored by Griess reagent to evaluate the consequence of SQAd/VitE NP treatment on NOx formation. Stimulation by LPS (1 μg/ml) resulted in 7.5 μM nitrite content in the supernatant, but NOx production was significantly inhibited after incubation of SQAd/VitE NPs at 10 μg/ml ([Fig. 4F](#F4){ref-type="fig"}). Free drugs Ad/VitE controls also showed efficient inhibition of nitrite accumulation, which likely resulted from free Ad, acting on its cognate receptors A2A and A2B, inhibiting iNOS expression ([@R37], [@R38]). Here, there was no difference in the SQAd/VitE groups between pretreated cells or cells simultaneously treated with NPs at the time of LPS challenge (see also Supplementary Discussion). Noteworthy, nitrite production was significantly lower in SQAd/VitE NP--treated cells compared to cells that only received SQAd. This showed that increasing drug loading through the use of prodrug-based nanocarriers might be advantageous for inflammation therapy.

Overall, these results showed that multidrug SQAd/VitE NPs could effectively scavenge ROS in a concentration-dependent manner and established effective proresolving action through the combined effects of SQAd and VitE in vitro. By using a prodrug-based nanoformulation, SQAd/VitE NPs did not trigger Ad signaling until Ad release, which could limit deleterious side effects associated with Ad therapy.

In vivo efficacy of SQAd/VitE NPs in endotoxemia model
------------------------------------------------------

We then proceeded to evaluate the in vivo ability of SQAd/VitE NPs to promote the resolution of inflammation in mice by examining their effect on the acute inflammatory response to endotoxin. In the blood, recognition of LPS by circulating macrophages activates the redox-controlled nuclear factor κB (NF-κB) by Toll-like receptor 4 (TLR4)--mediated mechanisms. This event potentiates downstream inflammation cascades, resulting in the pathological "cytokine storm." In our experiments, LPS was injected in mice intraperitoneally, after which blood and organs were collected at various time points to measure the levels of pro-inflammatory and anti-inflammatory cytokines by enzyme-linked immunosorbent assay (ELISA). In the blood, pro-inflammatory cytokine levels reached a maximum 1 hour after the LPS challenge, while anti-inflammatory cytokines followed with a peak 2 hours after LPS injection (fig. S6). In the treatment group where SQAd/VitE NPs were injected at a dose of 30 mg/kg \[corresponding to Ad (5.5 mg/kg) and VitE (15 mg/kg)\], a significant decrease in TNF-α together with an increase in anti-inflammatory interleukin-10 (IL-10) could be observed, comparatively to control groups that received either no treatment, free drugs Ad/VitE, SQAd NPs, or SQVitE NPs only at equivalent doses ([Fig. 5, A and B](#F5){ref-type="fig"}). This effect took place in a dose-dependent manner (fig. S7). Free drug Ad and VitE have limited bioavailability due to extremely fast metabolization and poor cell localization, respectively. These initial in vivo results pointed to an improved pharmacological profile of these compounds, thanks to their formulation as NPs and protection from early degradation. Next, we evaluated in organ homogenates the levels of two key pro-inflammatory cytokines MCP-1 (monocyte chemoattractant protein-1) and IL-6, responsible, respectively, for recruiting immune cells to the sites of inflammation and mediating the acute-phase response ([@R39]). In the lungs and kidneys, 4 hours after the initial LPS challenge, treatment with SQAd/VitE NPs at 30 mg/kg significantly reduced the amount of MCP-1 and IL-6 compared to nontreated or free drug--treated controls ([Fig. 5C](#F5){ref-type="fig"}). In the liver, results failed to reach significance, but a tendency for mitigated acute inflammation could be observed.

![In vivo influence of SQAd/VitE NPs on inflammatory cytokines.\
(**A**) Mouse TNF-α in plasma 1 hour after LPS challenge as measured by ELISA. (**B**) Mouse IL-10 in plasma 1 hour after LPS challenge as measured by ELISA. (**C**) Pro-inflammatory cytokines including MCP-1 and IL-6 from the lungs, liver, and kidneys, 4 hours after LPS challenge as measured by cytometric bead array. Nontreated controls did not reach detection threshold and were not shown. *n* = 4 to 8 mice per group. Data are mean ± SD. ns, not significant; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 significant difference to LPS only control unless specified (one-way ANOVA followed by Holm-Sidak's multiple comparison test).](aaz5466-F5){#F5}

We next evaluated the antioxidant effects of SQAd/VitE NPs in vivo by measuring the amount of lipid peroxidation products in the lungs following the LPS challenge. During acute systemic inflammation, the immune cells recruited by the extensive pulmonary capillary bed induce high levels of oxidative stress in the lungs, resulting in substantial lipid peroxidation ([@R40]). LPS challenge resulted in an increase in lipid peroxidation products as measured by reaction of malondialdehyde (MDA) with thiobarbituric acid reactive substance (TBARS test) (5.5 nmol of MDA/mg protein versus 2.75 nmol of MDA/mg protein). Basal MDA levels in mice typically range around 2 nmol of MDA/mg protein ([@R41]--[@R43]). Although it could not be abrogated, the increase in MDA was most strongly mitigated in the SQAd/VitE NP treatment group, where MDA levels reached only 4.04 nmol of MDA/mg protein ([Fig. 6A](#F6){ref-type="fig"}).

![In vivo therapeutic efficacy of SQAd/VitE NPs in endotoxemia models.\
(**A**) Level of lipid peroxidation in the lungs as measured by TBARS quantification of MDA. *n* = 3 mice per group. (**B**) Systolic blood pressure determination as % of control in healthy animals following SQAd/VitE or Ad/VitE treatment. *n* = 3 animals per group, five measurements per animal. (**C**) MSS (murine sepsis score) clinical score of animals undergoing LPS endotoxemic shock. *n* = 10 mice per group. (**D**) Survival followed after lethal LPS injection for 80 hours. *n* = 10 mice per group. Data are the mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 significant difference to LPS only control unless specified (one-way ANOVA followed by Holm-Sidak's multiple comparison test). For survival evaluation, a log-rank (Mantel-Cox) test was used, giving a *P* = 0.0130.](aaz5466-F6){#F6}

Together, these in vivo studies demonstrated an efficient and targeted resolution of inflammation by multidrug SQAd/VitE NPs. While single-drug NPs did display some efficacy at inhibiting plasma TNF-α, they did not reach the therapeutic efficacy of SQAd/VitE NPs. Contrary to what was observed in in vitro studies, in vivo free drug Ad/VitE controls consistently failed to induce a significant therapeutic response. This could be explained by the quick metabolization of Ad after a bolus injection ([@R44]) and poor bioavailability of VitE. Our prodrug-based NPs thus increased the efficacy of both drugs by simultaneously delivering them to the sites of inflammation.

Side effects on healthy animals and efficacy in lethal LPS model
----------------------------------------------------------------

To further validate the in vivo capability of SQAd/VitE NPs, we then investigated the hemodynamic effects of SQAd/VitE NPs comparatively to free drugs Ad/VitE. The effects of a single injection of SQAd/VitE NPs on blood pressure were measured noninvasively on healthy mice. While the NP-encapsulated drugs had no significant effect on blood pressure compared to nontreated controls, free drugs Ad/VitE induced a measurable decrease in blood pressure due to Ad, in accordance with published literature ([Fig. 6B](#F6){ref-type="fig"}) ([@R45]). These results confirmed that the SQAd/VitE NP formulation helped to protect animals from the deleterious side effects induced by Ad therapy.

We therefore proceeded to evaluate the efficacy of SQAd/VitE NPs in a model of lethal LPS challenge ([@R46]). Mice in the treatment groups received either SQAd/VitE NPs at a dose of 30 mg/kg or free drugs Ad/VitE at an equivalent dose. In the group treated with SQAd/VitE NPs, all mice survived the lethal LPS challenge, whereas free drug Ad/VitE failed to significantly improve the survival rate, compared to the untreated control animals ([Fig. 6D](#F6){ref-type="fig"}). Improvements in the clinical scores of the animals paralleled the improvements in survival rates for all groups ([Fig. 6C](#F6){ref-type="fig"}). Last, the consequence of the treatment with SQAd/VitE NPs was histologically investigated regarding signs of inflammation. In the previous LPS lethality model, organs from either SQAd/VitE NP--treated mice or LPS only--treated controls were harvested at the 24-hour point and analyzed for histological signs of tissue stress following hematoxylin and eosin (H&E) staining. Inflammatory changes including mononuclear cell infiltration, endothelial disruption, and hemorrhage were noticeably reduced in animals that received SQAd/VitE NP treatment. In the liver, nontreated animals displayed severe injuries, which were not observed in SQAd/VitE NP--treated animals (figs. S8 and S9); these included hemorrhagic sinusal occlusion, advanced hepatocellular stress, and disseminated steatosis. In the lungs, although both animal groups showed signs of inflammatory stress, the nontreated animals displayed more advanced loss of structure, alveolar thickening, and hemorrhage (fig. S9).

As is the case with many animal models, lethal endotoxemia sepsis models, although widely used to study anti-inflammatory therapies ([@R47]--[@R49]), have inherent drawbacks. The main limitation of this model is the speed at which it induces a severe inflammatory insult. Numerous studies have investigated therapeutic compounds in the context of sepsis by pretreating animals before LPS injection ([@R50], [@R51]). Other studies investigated treatment at the time of LPS injection ([@R52]). In clinical practice, patients with sepsis usually receive treatment after the onset of the pro-inflammatory insult but before the insult reaches "peak severity." In this endotoxemia model, we found that pro-inflammatory cytokines such as TNF-α reached a maximum about 1 hour after LPS injection (see fig. S6). As a result, we decided to inject our treatments at the 30-min time point, halfway between the onset and the peak of the inflammatory response, which is probably the best time point to fit with the clinical conditions.

CONCLUSION
==========

We presented here the first example of targeted delivery of Ad, and of multidrug anti-inflammatory/antioxidant NPs, for the mitigation of inflammation. Bioconjugation of Ad to SQ allowed to obtain a prodrug-based nanocarrier, which, after nanoformulation with VitE, yielded stable multidrug NPs, improving the bioavailability of both drugs with significant pharmaceutical activity in models of acute inflammatory injury. With the ability to specifically target and deliver Ad at tissue foci of acute inflammation and the capacity to react with intracellular reactive species at the target site, SQAd/VitE NPs represent a promising therapeutic intervention overcoming limitations of both conventional Ad and antioxidant therapy. Our extensive in vivo data support this hypothesis that opens the way to explore the plethora of available specific Ad receptor agonists and antioxidants. Additional efforts will also allow to further characterize SQ-based NP biodistribution. Overall, these SQ-based multidrug NPs represent a unique approach for inhibiting the pathological cross-talk between oxidative stress and inflammation, delivering therapeutic agents at the loci of inflammation, and thus afford a new tool in the fight against the complex and multifactorial phenomenon of uncontrolled inflammation.

MATERIALS AND METHODS
=====================

Preparation of SQ-based NPs
---------------------------

SQAd was synthesized as previously described ([@R25]), and the resulting NPs were prepared using the nanoprecipitation technique. Briefly, SQAd was dissolved in absolute ethanol (6 mg/ml) and added dropwise under strong stirring to a 5% (w/v) dextrose solution. Ethanol was then completely evaporated using a Rotavapor (90 rpm, 40°C, 42 mbar) to obtain an aqueous suspension of pure SQAd NPs (2 mg/ml). Multidrug SQAd/VitE NPs (50:50 wt %) were obtained by dissolving SQAd (3 mg/ml) and VitE (3 mg/ml) (α-tocopherol, Sigma-Aldrich) in absolute ethanol and adding the solution dropwise under strong stirring to a 5% dextrose solution with subsequent ethanol evaporation to obtain an aqueous suspension of SQAd/VitE NPs (2 mg/ml). Fluorescent NPs were obtained by the same procedure, except 1% (w/w) of fluorescent probe (SQRho) or DiD perchlorate (Thermo Fisher Scientific) was added to the ethanolic phase. All NP sizes (hydrodynamic diameter) and surface charges (zeta potential) were measured using a Malvern Zetasizer Nano ZS 6.12 (173° scattering angle, 25°C). For the size measurements by DLS, a good attenuator value ([@R7]--[@R9]) was obtained when suspending 20 μl of NPs in 1 ml of distilled water. The mean diameter for each preparation resulted from the average of three measurements of 60 s each. For zeta potential measurements, 70 μl of NPs was dissolved in 2 ml of 1 mM KCl before filling the measurement cell. The mean zeta potential for each preparation resulted from the average of three independent measurements in automatic mode, followed by application of the Smoluchowski equation. Morphology was observed by cryo-TEM. For this, drops of the NP suspensions (2 mg/ml) were deposited on electron microscopy grids covered with a holey carbon film (Quantifoil R2/2) previously treated with a plasma glow discharge. Observations were conducted at low temperature (−180°C) on a JEOL 2010 field emission gun microscope operated at 200 kV. Images were recorded with a Gatan camera.

Encapsulation efficiency experiment
-----------------------------------

SQAd/VitE NPs with different VitE content were formulated in 5% dextrose solution and subsequently washed with water twice using an ultrafiltration device (molecular weight cutoff, 100,000). NPs were dissolved in ethanol and measured by HPLC to determine VitE content. HPLC Waters Alliance 1695 (Waters, Milford, MA), equipped with a Waters DAD 2996 photodiode array detector, Hewlett-Packard computer with a Waters Empower 3 software, and a Waters autosampler with a 50-μl loop, was used, with simultaneous spectra detection wavelengths from 200 to 600 nm recorded for all peaks. A Waters XSelect LC-18 column (2.1 mm by 150 mm, 3.5 μm) was used with a nongradient mobile phase of acetonitrile and methanol (50:50, v/v) at a constant flow rate of 1 ml/min. The VitE peak was measured at a wavelength of 216 nm and quantitatively determined by comparing with a standard curve.

In vitro release of Ad from NPs in serum
----------------------------------------

Fetal bovine serum (3 ml) was prepared with 172 μl of EHNA (erythro-9-(2-hydroxy-3-nonyl)adenine) \[Ad deaminase inhibitor (1 mg/ml), NaCl 0.9%; Sigma-Aldrich\] and 4.8 μl of dipyridamole \[Ad uptake inhibitor (30 mg/ml), dimethyl sulfoxide; Sigma-Aldrich\]. SQAd/VitE NPs (180 μl; 2 mg/ml) were incubated at different time intervals with 180 μl of the fetal bovine serum solution in various Eppendorf vials, each for one time point. At the predetermined time intervals (i.e., 5 min, 30 min, 2 hours, 15 hours, 24 hours, and 48 hours), aliquots (100 μl) were collected and added into 500 μl of MeOH to denature and precipitate the enzymes and proteins of the serum, which were removed after centrifugation (16,000*g* for 10 min). To quantify the remaining SQAd bioconjugate and the released Ad, the remaining supernatants (150 μl) were evaporated to dryness at 40°C under nitrogen flow and then solubilized in 100 μl of MeOH. Quantification was performed using a reversed-phase HPLC on a Halo C18 column (4.6 mm by 250 mm, 5 μm; Interchim), a 1525 Binary LC Pump (Waters), a 2707 Autosampler (Waters), and a 2998 PDA detector (Waters). The HPLC was carried out using a gradient elution with the mobile phase composed of 80% 10 mM potassium phosphate in Milli-Q water (pH 4.0) 20% MeOH (phase A) and MeOH (phase B). Elution was carried out at a flow rate of 0.8 ml/min. The system was held at 100% of A for 8 min, followed by 1-min linear gradient from 100% A to 100% B, kept at 100% B for 12 min, and brought back to initial condition by a 1-min linear gradient from 100% B to 100% A. The sample run was maintained for 7 min with 100% A to equilibrate the column pressure. Temperature was set at 30°C, and ultraviolet detection was monitored at 260 nm for Ad and 272 nm for SQAd. The detection limit of the HPLC technique was 2 μg/ml for Ad and 10 μg/ml for SQAd. This method exhibited linearity (*R*^2^ = 0.9988) over the assayed concentration ranges (2 to 200 μg/ml).

Intracellular ROS detection assay
---------------------------------

H9c2 cells (50,000 cells per well) were seeded in a 12-well plate and cultured for 24 hours at 37°C. The cells were treated for 2 hours with SQAd/VitE NPs or controls diluted in culture medium at a concentration of 10 μg/ml for standard tests or according to the described dose for dose-response experiments. Cells were washed with PBS and incubated with medium containing hydrogen peroxide (H~2~O~2~; final concentration, 0.5 mM; Sigma-Aldrich). After 30 min, H~2~O~2~-containing medium was removed, and the cells were washed with PBS. Intracellular ROS production was detected using Abcam Cellular ROS Assay Kit (Deep Red) per manufacturer's instructions. Briefly, the ROS detection probe was diluted in PBS, and cells were incubated with this staining solution for 30 min. Staining solution was removed, and cells were washed with PBS and treated with 300 μl of 0.25% trypsin solution for 5 min at 37°C. The trypsin solution was inhibited by adding 0.7 ml of medium, and cell fluorescence was recorded using an Accuri flow cytometer C6 (Accuri Cytometers Ltd.). Necrotic cell death was assessed by propidium iodide staining at 10 μg/ml.

Nitric oxide assay
------------------

Nitrite (NO~2~^−^) release was assessed with freshly prepared Griess reagent. Briefly, in 96-well plates (20,000 cells per well), RAW 264.7 cells were treated for 2 hours with SQAd/VitE NPs or controls diluted in culture medium at a concentration of 10 μg/ml. LPS (Sigma-Aldrich O111:B4) was added at a final concentration of 1 μg/ml for 24 hours for macrophage stimulation. For co-treatment experiments, SQAd/VitE NP treatment was also performed concurrently to LPS stimulation. After LPS stimulation, the Griess reagent was added in equal volume to culture supernatants. The absorbance at 550 nm was measured on a PerkinElmer absorbance reader after 10 min of incubation in the dark at room temperature. The NO~2~^−^ concentrations were determined using standard curves prepared from sodium nitrite (NaNO~2~) at various concentrations.

In vitro evaluation of pro-inflammatory cytokine production
-----------------------------------------------------------

LPS stimulation and drug treatments were performed in the same way than with nitric oxide assays. After LPS stimulation for 24 hours, cell supernatants were retrieved and centrifuged for 5 min at 1000*g* to remove cell debris. Inflammatory cytokine production was evaluated using a BioLegend ELISA mouse TNF-α cytokine detection kit per manufacturer's instructions (BioLegend, USA). Supernatants were diluted 20× with Assay Diluent before detection experiment.

Animal care
-----------

Male C57BL/6J and female BALB/c mice were purchased from Janvier Labs (France) for systemic inflammation and NP tracking studies, respectively. Animals were housed in a standard controlled environment (22° ± 1°C, 60% relative humidity, 12-hour light/dark cycles) with food and water available ad libitum. Experiments were approved by the Animal Care Committee of the University Paris-Sud, in accordance with the principles of laboratory animal care and European legislation 2010/63/EU. All efforts were made to reduce animal numbers and minimize their suffering, as defined in the specific agreement (registration no. APAFIS\#16257).

NP tracking studies
-------------------

For the paw inflammation study, experiments were performed on 18-week-old female BALB/c mice. Paw inflammation was caused by intraplantar injection in the right paw of 100 ng of LPS (Sigma-Aldrich O111:B4) dissolved at 5 mg/ml in physiological saline (NaCl, 0.9%). Animals received a control injection of 20 μl of saline in the left paw. In vivo imaging studies were performed after 2 hours, following intravenous injection of fluorescent SQAd/VitE or PLGA NPs (100 μl, 2 mg/ml, containing 1% DiD) or control fluorescent DiD solution (100 μl, 20 μg/ml in 5% dextrose solution). The biodistribution of the NPs was recorded at 0.5, 2, 4, and 24 hours with the IVIS Lumina LT Series III system (Caliper Life Sciences) using 640-nm excitation and 695-nm emission filters. During imaging, mice were kept on the imaging stage under anesthesia with 2% isofluorane gas in oxygen flow (1 liter/min) and were imaged in ventral position. Images and measures of fluorescence signals were acquired and analyzed with Living Imaging software (Caliper Life Sciences).

For the systemic inflammation study, experiments were performed on 12-week-old male C57BL/6J mice. Systemic inflammation was caused by intraperitoneal injection of LPS (Sigma-Aldrich O111:B4) at a dose of 7.5 mg/kg. Noninflamed control animals did not receive the LPS injection. After 2 hours, animals received intravenous injection of fluorescent SQAd/VitE NPs (100 μl, 2 mg/ml, containing 1% SQRho) or control fluorescent rhodamine B solution (100 μl, 20 μg/ml in 5% dextrose solution). After 24 hours, animals were deeply anesthetized with an intraperitoneal sodium pentobarbital injection before euthanasia by intracardial perfusion of 40 ml of saline (8 ml/min), until the fluid exiting the right atrium was entirely clear. The liver, heart, lungs, kidneys, and spleen were excised and immediately imaged with the IVIS imager using 560-nm excitation and 620-nm emission filters. Images and measures of fluorescence signals were acquired and analyzed with Living Imaging software (Caliper Life Sciences).

In vivo efficacy
----------------

The therapeutic efficacy of SQAd/VitE NPs was evaluated in vivo in a mouse endotoxemia model with 8- to 12-week-old male C57BL/6J mice. To evaluate the efficacy through cytokine production, endotoxemia was induced by intraperitoneal injection of a dose of LPS (7.5 mg/kg; Sigma O111:B4) diluted at 1.875 mg/ml in buffered saline. Mice injected with LPS alone were used as controls. Thirty minutes after LPS injection, SQAd/VitE NPs \[SQAd (15 mg/kg), i.e., Ad (equivalent 5.5 mg/kg) and VitE (15 mg/kg)\], SQAd NPs \[SQAd (15 mg/kg) and Ad (equivalent 5.5 mg/kg)\], or free Ad/VitE \[Ad (5.5 mg/kg) and VitE (15 mg/kg) with 1% Pluronic F-123 vehicle for VitE solubilization\] were intravenously injected via the suborbital vein. Following the injections, blood samples (\~100 μl) were collected at predetermined time points via submandibular puncture before terminal cardiac puncture and organ collection. Plasma was obtained by centrifuging blood samples at 2000 rcf (relative centrifugal force) for 10 min and stored at −78°C before further analysis. In the plasma, cytokines, including IL-10 and TNF-α, were quantified by BioLegend ELISA mouse kit per manufacturer's instructions. Organ homogenates were obtained with a Heidolph Instruments (Germany) RZR-2021 organ homogenizer in PBS at a concentration of 500 mg/ml. Pro-inflammatory cytokines in organ homogenates were quantified using a cytometric bead array per manufacturer's instruction (BD Biosciences). For MDA content in the lungs, 10 mg of lung tissues was homogenized on ice in 300 μl of MDA lysis buffer containing 3 μl of BHT (butylated hydroxytoluene) antioxidant solution as per manufacturer's instruction (Biovision, Lipid Peroxidation MDA Fluorometric Assay Kit). To evaluate efficacy through survival in the lethal LPS model, mice were sensitized to the lethal effects of LPS with [d]{.smallcaps}-galactosamine hydrochloride (Roth, Germany) via intraperitoneal injection of an 8-mg dose concurrently to LPS injection at 2 μg/kg. After 30 min, NPs or free drugs as controls were injected intravenously. Signs of disease severity were evaluated at predetermined time points using a previously described disease scoring system ([@R53]). For histological evaluation, organs were fixed for 24 hours in 4% paraformaldehyde and then embedded in paraffin. Sections (5 μm) were deparaffinized and stained with H&E (VWR, France). Slides were scanned with a digital slide scanner NanoZoomer 2.0-RS (Hamamatsu, Japan), which allowed an overall view of the samples. Images were digitally captured from the scan slides using the NDP.view2 software (Hamamatsu).

Blood pressure measurements
---------------------------

For blood pressure measurements, a Kent Scientific (Torrington, USA) Coda tail-cuff VPR blood pressure measurement system was used. C57BL/6J mice were acclimated to the procedure for 2 days before measurements to avoid undue stress and experimental artifact. For all measurements, an experimental session of 10 acclimation cycles and 10 measurement cycles was used. Only measurement cycles that passed Coda software acceptance criteria were retained. For animals that received free drug Ad/VitE or SQAd/VitE (30 mg/kg or equivalent), the blood pressure measurement was started immediately after intravenous injection.

Statistics
----------

Statistics were computed with GraphPad Prism 6. Differences in group means were calculated by one-way analysis of variance (ANOVA) followed by Holm-Sidak's multiple comparison test or Kruskal-Wallis test (nonparametric) followed by Dunn's multiple comparison test when samples failed equality of variance or normality statistical tests (Shapiro-Wilk). A value of *P* \< 0.05 was considered significant. For studies requiring grouped analyses, a two-way ANOVA followed by Tukey's multiple comparison test was performed.
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